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We prepared highly-ordered titanium dioxide nanotube arrays (TNAs) by anodizing Ti foils in F -containing electrolytes. The 
crystalline nature and morphology of the TNAs were studied using X-ray diffraction patterns and scanning electron microscopy. 
We found the morphology of TNAs affects the light-to-electricity conversion efficiency () of dye-sensitized solar cells (DSSCs). 
The efficiency of DSSCs reached 5.95% under the condition of light illuminated from the counter electrode. The high efficiency 
of TNA-based DSSCs was attributed to the neat top surface of TNAs, which allows more dye molecule loading on the surface of 
the TiO2 nanotubes, and fewer electron recombination centers and a low interface resistance of integrated TNAs. 
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Since the first paper by Regan and Grätzel [1], dye-sensi-     
tized solar cells (DSSCs) have been considered a relatively 
low-cost solar cell technology and potential alternative to 
silicon solar cells. As one of the main components of DSSCs, 
the properties of photoanodes have a great effect on the  
energy conversion efficiency of DSSCs. The efficiency of 
DSSCs is determined by the surface area of the photoanode, 
charge carrier transport in the semiconductor electrode, and 
electron recombination. In recent years, titanium dioxide 
nanotube arrays (TNAs) have received a great deal of atten-
tion, since Gong et al. [2] first reported their preparation in 
2001. This is caused by the highly-ordered architecture of 
TNAs, which allows fast electron transport [3–5], and the 
structure, which influences the absorption and propagation 
of light [6]. However, the reported efficiencies of pristine 
TNA-based DSSCs are lower than the TiO2 nanoparti-
cle-based DSSCs when illuminated from the counter elec-
trode [4,7–10]. Two factors decrease the efficiency of TNA- 
based DSSCs. The first is that the surface area of TNAs is 
smaller than that of TiO2 nanoparticles (TNP) [11]. Second, 
the counter electrode and the electrolyte absorb photons in 
the near-UV region when illuminated from the counter 
electrode [12,13]. To increase the surface area, TNAs can 
be treated with TiCl4 [14–16], filled with nanotubes with 
TNP [17], or undergo an electrophoretic deposition of nano-      
particles [11].  
In this experiment, we prepared highly-ordered TNAs 
with a smooth top surface through the anodization of tita-
nium foil in F-based electrolytes. The conversion efficien-
cy reached 5.95%. We attributed the high efficiency to the 
smooth top surface, which made it easier for dye molecule 
loading on the wall of the nanotube; the fewer recombina-
tion centers in integrated TNAs; and the more efficient 
electron transport in highly-ordered TNAs. 
1  Experimental 
1.1  Materials 
Lithium iodide (LiI), 4-tert-butylpyridine, 3-methoxyace-     
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tonitrile, 1-hexyl-2,3-dimethylimidazolium iodide, and io-
dine (I2) were purchased from Acros Organics (Beijing). 
Ethylene glycol, acetone, methanol, ethanol, isopropanol, 
NH4F, acetonitrile (CH3CN), tetra-nbutyltitanate, butanol, 
acetic acid, and NaOH were purchased from Beijing Chem-
ical Company (Analytic reagent grade). Ti foils were pur-
chased from Alfa Aesar. 
1.2  Preparation of photoanode and counter electrode 
Pieces of Ti foil (99.5% purity, 1 cm × 2 cm, 0.2 mm thick-
ness) were used for the anodic growth of TNAs. They were 
sequentially polished with silicon carbide sandpaper of 400, 
600, 800, 1000, and 1500 grit to obtain a mirror surface. 
After, they were ultrasonically cleaned in acetone, isopro-
panol, methanol, and deionized water for 10 min. They were 
dried under a stream of N2 and used immediately.  
The cleaned titanium foils were electrochemically ano-
dized in a solution of 0.5 wt% NH4F, 1 wt% deionized wa-
ter, and 98.5 wt% ethylene glycol. The anodization was 
carried out in a two-electrode cell, using platinum foil as a 
counter electrode. Anodization was performed under constant 
voltage. The voltage was held at 60 V for 10–60 h. Subse-
quently, the prepared TNAs were washed with deionized 
water and dried in air. All the prepared TNAs were annealed 
at 500°C for 2 h and then cooled to room temperature. Then, 
the annealed TNAs were immersed in a 0.3 mmol/L ethanol 
solution of Ru(dcbpy)2(NCS)2 (N3, Solaronix) for 24 h.  
Transparent Pt counter electrodes were prepared by 
spreading 5 mmol/L H2PtCl6 aqueous solution on an fluo-
rine-doped SnO2 transparent conductive glass (FTO) sub-
strate, followed by heating at 390°C for 15 min. 
1.3  Cell assembly and dye desorption 
The dye-sensitized TNAs, the Pt-counter electrode, and the 
electrolyte solution, which was composed of 0.5 mol/L LiI, 
0.05 mol/L I2, and 0.5 mol/L 4-tert-butylpyridine in 3-meth-      
oxypropionitrile, were assembled into a sandwich cell struc-
ture. The dye desorption was carried out in 5 mL 0.01 mol/L 
NaOH to determine the dye loading amount on the surface 
of the nanotubes. 
1.4  Characterization and instruments 
The cells were illuminated with a Newport solar simulator 
(69911) under AM 1.5 (100 mW cm2) irradiation. Photoe-
lectrochemical measurements were performed with a poten-
tiostat/galvanostat (EG&G Princeton Applied Research, 
model 273) at room temperature. The morphologies of the 
TNA samples were observed using scanning electron mi-
croscopy (SEM, S-4300). X-ray diffraction (XRD) patterns 
were recorded with an X-ray diffraction meter (Rigaku 
D/max-2500, Cu K). Electrochemical impedance spec-
troscopy (EIS) data were obtained under 100 mW cm2 il-
luminations, with a perturbation of ±10 mV over the open- 
circuit potential using a Solartron 1255B frequency analyzer 
and Solartron SI 1287 electrochemical interface system. 
2  Results and discussion 
2.1  Characterization of TNAs 
Figure 1(a)–(c) show the top views of the TNAs anodized 
for 30, 50, and 60 h, respectively, showing that the TNAs 
are composed of highly-ordered vertically-oriented TiO2 
nanotubes. The inner diameter and the wall thickness of the 
nanotube are 90±5 and 20±2 nm, respectively. The smooth 
and orderly surface tubular structures of TNAs were gradu-
ally destroyed as the reaction time increased. As shown in 
Figure 1(a) and (b), the top surface of the nanotube is 
smooth and orderly. However, for the TNAs that were pre-
pared for 60 h, some debris is present on the top surface of 
the nanotube arrays (Figure 1(c)). This debris is the dis-
solved part of the nanotube. Figure 1(c) shows that the 
mouth of the nanotube was destroyed and the top surface of 
the TNAs became rough and disordered. The cross- section 
images also show that the TNAs are composed of high-
ly-ordered nanotubes (Figure 1(d)). 
The anodization process contains two parts: electro-
chemical oxidation of titanium into amorphous TiO2 and 
chemical dissolution of the oxide into soluble titanium fluo-
ride species (TiF6
2). The electrochemical reaction and 
chemical reactions at the bottom and mouth of the nanotube 
are two main factors of the growth of TNAs. The formation 
of TNAs can be expressed by the competition between elec-
trochemical oxidation (reaction 1) and chemical dissolution 
(reaction 2): 
 –2 2Ti 2H O TiO 4H 4e
     (1) 
 – 22 6 2TiO 6F 4H TiF 2H O
      (2) 
Metallic Ti is first oxidized to TiO2 and then selectively 
dissolved by F ions. This makes the pore deeper. To pro-
duce a long nanotube, a proper acidic environment for the 
electrolyte must be controlled. In the high-viscosity elec-
trolyte, the OH in the bulk solution and H+ produced via 
reaction 1 have a lower diffusion rate. The pH value at the 
bottom of the tube is mainly controlled by reaction 1 and is 
much less influenced by the bulk electrolyte pH value. 
During the anodization process, the electrochemical oxide 
reaction rate at the bottom decreased gradually, but at the 
mouth the chemical dissolution reaction rate, which is 
mainly controlled by the bulk solution, remains unchanged. 
In the process of preparing TNAs, the thicknesses of TNAs 
first increase with time, but then stop increasing because the 
electrochemical reaction rate decreased as time increased. 
An overly long reaction time will destroy the highly-ordered 
architecture of TNAs.  
The dye loading amount is an important aspect of the  
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Figure 1  SEM images of the prepared TiO2 nanotube arrays. (a) Top view of TNAs prepared for 30 h; (b) top view of TNAs prepared for 50 h; (c) top 
view of TNAs prepared for 60 h; (d) cross-section of TNAs prepared for 50 h. 
light-to-electricity conversion efficiency of DSSCs. Longer 
nanotubes can provide a larger surface area for dye loading. 
The thickness of the TNAs prepared for 30, 50, and 60 h are 
23, 35, and 33 µm, respectively. The more dye molecules 
loaded, the larger the short-circuit current density that will 
be obtained. In our work, TNAs were immersed in 0.3 mmol/L 
N3 ethanol solution overnight. After that, the wall of the 
TiO2 nanotube was covered with a closely-packed mono-
layer of N3 dye. The dye loading (dl) amount can be deter-






S  (3) 
where A, V, , and S0 are the absorbance of the desorption 
solution, volume of desorption solution, molar extinction 
coefficient, and geometric area of the photoanode, respec-
tively. The dye loading amounts are shown in Table 1. As 
shown in Table 1, the dye loading amount increased when 
the reaction time increased to 50 h. This occurs because 
longer nanotubes provide a larger surface area for dye load-
ing. However, the dye loading amount did not increase 
when the reaction time was 60 h. This is because the rate of 
the electrochemical oxide reaction is slower than the chem-
ical dissolution rate. Therefore, the length of the nanotube 
begins to decrease and the top of the nanotube had dissolved. 
Table 1  Dye loading amount for the TNAs and photovoltaic performance 
parameters for the DSSCs 
t (h) dl (10
7 mol cm2) Jsc (mA cm2) Voc (mV) ff  (%) 
30 0.94 7.57 742 0.75 4.24 
50 1.44 10.35 748 0.77 5.95 
60 1.34 11.25 692 0.70 5.46 
 
2.2  XRD analysis 
Figure 2 shows XRD patterns of the TiO2 nanotube arrays 
before and after sintering. After sintering, the crystalline 
structure of the prepared TNAs changed from amorphous to 
polycrystalline anatase TiO2 (identified by the (101) peak at 
2 = 25.3°) and the crystallite size was 20 nm. Other peaks 
corresponding to (200), (103), and (105) faces were also 
detected. 
2.3  Photovoltaic performances 
DSSC performance was measured with illumination from 
the counter electrode. The photovoltaic performance pa-
rameters of the TNA-based DSSCs are shown in Figure 3 
and the corresponding data are collected in Table 1. DSSCs 
based on TNAs prepared for 50 h have the highest η of  
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Figure 2  XRD patterns of the TiO2 nanotube arrays before (a) and after 
(b) sintering. 
 
Figure 3  Current-voltage characteristics for the TNA-based DSSCs. 
5.95%, while the 60 h TNA-based DSSCs have a lower 
open-circuit voltage (Voc), fill factor (ff), higher short-circuit 
current density (Jsc), and lower . The higher Jsc occurred 
because the barrier layer thickness between the nanotube 
and Ti substrate decreased, which is beneficial for the col-
lection of photogenerated electrons. The destroyed TNAs 
and the debris provide more electron recombination centers 
for the electrons; therefore, the Voc decreased. The lower fill 
factor probably occurs because the charge transport in the 
destroyed TNAs is not as efficient as that in integrated 
TNAs. For conversion efficiency, in the case of TNAs with 
similar thicknesses, the morphology is more important be-
cause the difference in the thickness is only 2 m for TNAs 
prepared for 60 and 50 h. 
2.4  EIS analysis 
EIS is a powerful technique for studying porous electrodes. 
EIS data were measured under 100 mW cm2 illumination, 
using a perturbation of ±10 mV over the open-circuit poten-
tial. EIS plots are shown in Figure 4 and the corresponding 
impedance data are collected in Table 2. Two semicircles 
are present in the Nyquist plot. The semicircle at high fre-
quency is attributed to the charge-transfer process occurring 
at the Pt counter electrode/electrolyte interface, and the 
semicircle at low frequency is attributed to the resistance at 
the photoanode/electrolyte interface. An equivalent circuit 
represented in Figure 4 (inset) was used for the fitting of 
impedance spectra for all cells with Zview software 
(Boukamp, UK). Rs, Rct, and Ri describe series resistance, 
charge-transfer resistance, and resistance in the photoanode/ 
electrolyte interface, respectively. Rs indicate that the reac-
tion time has little effect on the series resistances. The slight 
differences in Rct were ascribed to the different counter 
electrodes used in our experiments. The decrease in Ri is 
caused by increasing surface area. Ri began to increase 
when the reaction time was extended to 60 h. This occurred 
because the surface area of the destroyed TNAs is smaller 
than that of highly-ordered TNAs. 
3  Conclusion 
We prepared highly-ordered TNAs. The SEM images show 
that the TNAs have a highly-ordered architecture and the 
wall of the TiO2 nanotubes is smooth. XRD data show that 
after sintering, the crystalline structure of the prepared 
TNAs changed from amorphous to polycrystalline anatase  
 
Figure 4  EIS plots of DSSCs based on TiO2 nanotube arrays prepared 
using various reaction times. 
Table 2  Parameters of electrochemical impedance spectroscopy obtained 
from Figure 4 
t (h) Rs () Rct () Ri () 
30 13.13 2.69 50.48 
50 12.85 3.42 30.01 
60 13.45 2.60 33.21 
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TiO2. An overly long reaction time will destroy the highly- 
ordered TNAs and increase the Ri. The pristine TNA-based 
DSSCs have a higher efficiency of 5.95% when illuminated 
from the counter electrode. For conversion efficiency, in the 
case of TNAs with similar thicknesses, the morphology is 
more important. We attributed the high efficiency to the 
neat surface, which made it easier for dye molecule loading 
to occur on the wall of the nanotube. In addition, electron 
transport is more efficient in highly-ordered TNAs.  
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